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While considerable progress has been made in understanding the semiconducting properties of ZnO, many questions remain open on the nature of its transport phenomena. In particular, fabrication of stable and rectifying metal contacts to ZnO remains a challenge despite numerous recent investigations. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] A number of studies have addressed various possible fundamental mechanisms affecting Schottky barrier ͑SB͒ performance in ZnO, 1, 5, [9] [10] [11] [12] [13] but none have considered the role of both the surface and subsurface. Thus, while several studies have proposed that surface morphology, hydroxide ͑OH͒, and carbon surface contamination play a dominant role, none have considered the role of subsurface defects and impurities that could alter local carrier concentrations, depletion widths, and tunneling. Here, we address all of these mechanisms using a combination of an ultrahigh vacuum ͑UHV͒ surface and subsurface characterization and processing techniques.
Single-crystal ZnO samples were grown by chemical vapor transport at Eagle-Picher Inc. ͑E-P͒ and polished on both the ͑0001͒ Zn and ͑0001͒ O faces. We used samples of two grades: "High-quality" material with relatively smooth surfaces ͓root-mean-square ͑rms͒ roughness ϳ0.1 nm͔ and low "green" defect ͑GD͒ luminescence versus "lowerquality" ZnO with rougher surfaces ͑rms roughness ϳ5 nm͒, micropits, and approximately two times higher GD luminescence. We also used single-crystal ZnO samples grown by a pressurized melt growth process at Cermet Inc. with a rms roughness ϳ2.0 nm and a relatively high GD luminescence. All samples were chemically cleaned with a 5 min ultrasonic bath in acetone, toluene, dimethylsulfuoxide, methanol, and deionized water, and then blown dry with nitrogen gas. Au circular contacts ϳ0.5 mm in diameter were deposited in a UHV chamber by thermal evaporation from a tungsten filament through a shadow mask for both plasma-exposed and unexposed samples. ZnO crystals at room temperature were processed in situ with remote 20% oxygen-80% helium mix plasma inductively produced by an rf generator operating at 30 W, with a pressure of 10 mTorr. The remote oxygen plasma permitted independent control of temperature and pressure. Both plasma-exposed and unexposed samples were characterized in situ with cathodoluminesence ͑CL͒, x-ray photoelectron spectroscopy ͑XPS͒, and low-energy electron diffraction ͑LEED͒. Ex situ atomic force microscopy ͑AFM͒, low temperature photoluminescence ͑LT PL͒, as well as current-voltage ͑I-V͒, and capacitance-voltage ͑C-V͒ measurements were also performed before and after plasma exposure. More detailed descriptions of the experimental setups appear elsewhere.
14 All Au-ZnO contacts formed without prior oxygen treatment exhibited ohmic transport characteristics. We found that ZnO exposure to the remote O / He plasma for 1 h or more consistently changes Au contacts on ZnO from ohmic to rectifying regardless of surface polarity and material quality. Various oxidation treatments reported previously 1, 9, 11, 12 also report similar effects but attribute them to widely different mechanisms. Figure 1 illustrates this ohmic-Schottky conversion for different material grades and polarity. Corresponding C-V experiments ͑not shown͒ agreed with the I-V SB heights of 0.42-0.5 eV, once the image force lowering was taken into account. Figure 1͑b͒ shows that gradual ohmic-to-Schottky-type I-V changes take place between 0, 30, and 60 min room-temperature plasma exposure. Cermet ZnO I-V changes ͑not shown͒ also vary within this exposure range, ranging from ohmic ͑0 min͒ to ϳ0.4 eV SB and high ideality n =5 ͑30 min͒ to 0.5 eV SB with n =2 ͑60 min͒. The high ideality values calculated indicate that field emission and recombination contribute to the measured current transport. Both direct and trap-assisted tunneling can occur and are affected by the carrier concentration and barrier shape as well as the concentration of tunneling-mediating defects.
XPS results are given in Fig. 2 for the unexposed and a 60 min plasma-exposed sample. The OH/lattice oxygen ratio decreases from ϳ2.9 before exposure to ϳ0.3 ͑cylindrical mirror analyzer precision ±10-20%͒ after exposure, indicating almost complete removal of OH from the surface ͓Fig. 2͑a͔͒. Previous work 9, 11 suggested OH contamination on polar ZnO surfaces as the primary factor degrading rectifying contact performance: High surface OH can create a surface conductive accumulation layer that oxygen plasma removes, lowering the Fermi level E F into the band gap, resulting in a rectifying contact. Our posttreatment rigid O 1s and Zn 2p core-level shifts ͓Figs. 2͑a͒ and 2͑b͔͒ of 0.74± 0.05 eV toward lower binding energy indicate n-type ͑upward͒ band bending, consistent with accumulation layer removal and similar to previous results. 9, 11 The O / He plasma also produces an apparent increase in the oxygen near-surface composition, increasing the O / Zn ratio from 1.04 to 1.15 after plasma exposure. Since oxygen deficiency-related defects within the band gap could provide a mechanism for charge hopping, reduction of this deficiency would decrease possible tunneling through the SB. Figure 2͑c͒ shows a removal of the C 1s peak, consistent with previous studies.
9,11 A 30 min plasma treatment of Cermet ZnO polar surfaces also results in C removal, negligible OH, and Ͼ0.5 eV n-type band bending, indicating the removal of any adsorbateinduced surface accumulation. However, the continued change in ohmic-to-Schottky behavior beyond this 30 min exposure demonstrates that more than C and OH adsorbates are involved, implying that subsurface electronic changes also play a role in the SB formation.
In situ LEED experiments ͑not shown͒ revealed a slight improvement of the hexagonal pattern subsequent to plasma treatment and adsorbate removal, consistent with clean atomically ordered surfaces. AFM measurements ͑not shown͒ indicated insignificant damage produced by the remote plasma. Evidently, this did not substantially affect the transport properties of the contacts.
Depth-resolved CL spectra for both unexposed and exposed ͑0001͒ ZnO in Fig. 3 indicate electronic changes below the free surface. Typical spectra include a near-band edge ͑NBE͒ 3.3 eV emission and a broad 2.5 eV GD emission often attributed to oxygen deficiency. 15 Figure 3 shows that GD emission is dominant at the surface. This behavior is independent of the surface polarity and material quality. The ratio of the integrated green versus NBE intensities increases by a factor of 2 at the surface and levels off to a constant value into the bulk at ϳ25 nm. After 1 h of plasma exposure, the sample exhibits a 50% decrease in GD emission intensity, suggesting defect passivation or removal. Both high and low grade ZnO exhibit this effect. However, the higher-quality ZnO required longer exposure time to achieve similar 50% GD intensity reduction ͑e.g., 30 min plasma treatment produced only insignificant changes͒. If one assumes that the suppression of the GD emission is associated with the reduction in oxygen deficiency ͑independently confirmed by our FIG. 1. I-V characteristics for remote plasma-exposed and unexposed E-P samples. ͑a͒ 1 h exposure of the ͑0001͒ surface produces a SB of 0.5 eV with an ideality ϳ2 for the lower grade material. ͑b͒ The same transition occurs for a 1 h exposed sample of higher quality with a calculated SB height of 0.42 eV and idealityϾ 8, however, a 30 min exposure indicates an ohmic behavior. ͑c͒ Higher-quality ͑0001͒ surfaces change from ohmic to rectifying after 1 h plasma treatment with 0.5 eV SB and ϳ5 ideality.
FIG. 2.
XPS results before and after 1 h 20% O 2 / 80% He plasma treatment ͑low grade E-P sample͒. ͑a͒ Plasma treatment removes the ͑deconvolved͒ OH peak and shifts the O 1s peak rigidly by 0.74 eV, as well as the Zn 2p peak in ͑b͒, indicating n-type band bending. ͑c͒ The C 1s peak disappears after plasma treatment, leaving only a Zn Auger shoulder, indicating removal of adsorbed carbon.
XPS measurement͒, then we have an indication of removal of potential tunneling-promoting defects.
LT PL spectra were acquired before and after 1 h of exposure to remote plasma ͑Fig. 4͒. The intensity of the peak with the photon energy of ϳ3.363 eV ͑commonly designated as I 4 ͒ is dramatically reduced after the plasma treatment. This reduction occurs for both polar faces, regardless of sample grade. There is strong evidence in favor of attributing the I 4 emission to a neutral hydrogen donor bound exciton, 16 recently demonstrated both optically and electronically. 17 The reduction of the I 4 peak by plasma treatment indicates removal of hydrogen attributed to this peak. Hydrogen may play an important role at the Au/ ZnO interface as a shallow donor, 18 narrowing the depletion region or even forming an accumulation layer, both acting to lower the effective SB. Thus, increased donor concentrations of ϳ2 ϫ 10 18 cm −3 correspond to depletion widths of only 100 Å or less.
In summary, extended ͑1 h or longer͒ room-temperature surface treatment of ZnO with 20% oxygen-80% helium plasma consistently transforms ohmic Au contacts to ZnO into rectifying barriers. Au-ZnO ohmic contacts result not only from an OH-induced accumulation but also tunneling due to increased donor concentrations that decrease the depletion width as well as hopping transport via deep levels. FIG. 3 . CL spectra for treated and untreated E-P samples of a lower grade. ͑a͒ Relative CL intensity for the 2.5 eV ͑green͒ emission, often attributed to oxygen vacancies, decreases with increasing electron-beam energy. All spectra are normalized to NBE. ͑b͒ The integrated peak intensity ratio ͑GD/ NBE͒ vs electron-beam energy indicates a factor of 2 increase in GD defect concentration within 25 nm of the surface. After a 1 h exposure, the intensity decreases by 50%, indicating GD partial removal or passivation.
FIG. 4.
Photoluminescence spectra taken at 9 K in the bound exciton region for the ͑0001͒ polar ZnO high grade E-P surface. The I 4 line attributed to hydrogen as a shallow donor in ZnO is significantly reduced after a 1 h plasma exposure.
